We present a scattering treatment of transport in S-F-S junctions with a small ferromagnetic metal region inside the junction. The charge carriers are assumed not to thermalize with the ferromagnet conduction band, and the ferromagnetic and superconductor orders coexist close to the interfaces. This requires a small ferromagnetic region in the junction. Ferromagnetism in the junction provides a Zeeman splitting term to charge carriers. Spin polarization results in an enhancement of Andreev reflection. The equilibrium transport theory in ferromagnet-superconductor junctions is also reviewed, where spin polarization results in a suppression of Andreev reflection.
Introduction
The interplay between spin polarization and conventional superconductivity has been the subject of intense interest recently. The ground state of a BCS superconductor consists of a condensation of Cooper pairs, which are bound states electrons with an opposite spin. On the other hand, one spin population is favored with respect to the other in ferromagnetism. This suggests that the two types of orders are not compatible in a simple form at the same place in a given system. In fact, the two orders can coexist under the form of cryptomagnetism [1, 2] if magnetism is weak enough. Besides the question of coexistence between the superconducting and ferromagnetic orders in the same system, one can ask the question of the influence of spin polarization onto Andreev reflection [3] . One electron with a spin σ incoming from a normal metal onto a superconductor will be Andreev reflected as a hole in the spin −σ band (a spin-σ object) whereas a Cooper pair is transferred into the superconductor [3] . Andreev reflection also involves the populations of the two spin bands in the normal metal, and is then expected to couple to a magnetic order in the normal ferromagnetic metal. One can ask the question of understanding how Andreev reflection is coupled to magnetism in the normal metal, without attempting to describe the influence of magnetism onto the superconducting order. de Jong and Beenakker [4] have proposed a model describing equilibrium transport in a F-S junction between a ferromagnet and a superconductor. This model is recalled in section 2, together with its extension to incorporate the effects of a resistive interface between the ferromagnet and the superconductor. Experiments by Soulen et al. [5] , and Upahyay et al. [6] on junctions between a ferromagnet and a superconductor have fully confirmed the theoretical proposal by de Jong and Beenakker [4] . We expose in section 3 another possible mechanism for transport in spin-polarized junctions, valid in a regime in which the charge carriers cross the magnetic region without thermalizing with the ferromagnet conduction band. This requires a small magnetic region. The effect of the background ferromagnet is to provide a Zeemann splitting term to the charge carriers. We discuss a recent experiment by Bourgeois et al. [7] in this theoretical framework in section 3.2.
Equilibrium spin-polarized transport: the de Jong and Beenakker model
We now recall the model proposed by de Jong and Beenakker [4] for describing equilibrium transport in a quantum point contact (QPC) between a ferromagnet and a superconductor. We extend their treatment to incorporate an interfacial repulsive potential under the form of a repulsive barrier Hδ(x) at the interface. The dimensionless strength of the interfacial potential in given by Z = H/hv F , a quantity introduced by Blonder, Thinkham, and Klapwick [8] in their scattering approach to N-S junctions.
The ferromagnet is modeled as a Stoner ferromagnet (free electrons in the presence of an exchange field h ex ). The polarization enters this theory via the ratio h ex /ǫ F of the exchange field h ex over the Fermi energy ǫ F . The number of conduction channels N + for spin-up electrons is larger than the number of channels N − for spin-down electrons due to spin polarization in the QPC. The exchange field h ex (x) and the superconducting gap ∆(x) are assumed to have step function variations at the interface: h ex (x) = h ex Θ(−x) and ∆(x) = ∆Θ(x).
Let us first consider the situation of a perfect transparent interface (Z = 0), originally solved by de Jong and Beenakker [4] . Assuming that any channel can scatter into any other, an electron with a spin-up incoming onto the QPC will be Andreev reflected as a hole in the spin-down band with a probability N − /N + , and backscattered with a probability 1 − N − /N + . An electron with a spindown incoming onto the QPC will be Andreev reflected with a probability 1. The zero temperature conductance is G = (4e 2 /h)N − , and decreases as spin polarization is turned on.
Let us now generalize this model to include a finite interfacial potential. For simplicity, we consider a model in which the Fermi velocities of the spin-up and spin-down channels are equal, but have a different Fermi wave vector k
We introduce the dimensionless interaction parameters Z = mH/h 2 k F and Z (±) = mH/h 2 k (±) F , and solve the scattering of an incoming electron with a spin-up following BTK [8] . The Andreev probability current coefficient is [9] A + = (Z (+) /Z (−) )|a + | 2 , the amplitude of Andreev reflection being a + = u 0 v 0 /γ + , with
In the zero polarization limit Z (+) = Z (−) = Z, we recover the BTK Andreev amplitude [8] . The Andreev reflection coefficient A − of an incoming electron with a spin-down is obtained from Eq. 2 by exchanging the coefficients Z (+) and Z (−) .
We now calculate the current through the junction. We denote by f 
the last term in Eq. 4 arising from the fraction 1−N − /N + of the incoming electrons with a spin-down that are not Andreev reflected and are fully backscattered. The finite temperature current of spin-σ electrons is given by
Going to the zero temperature limit, we obtain the Landauer conductance
that incorporates the effects of a spin polarization P = (N + − N − )/(N + + N − ) and an interfacial repulsive potential. [6] ) and 78 % in the most polarized oxydes (CrO 2 [5] ).
This theory cannot however account for the strong negative magnetoresistance reported in the experiment by Bourgeois et al. [7] . In the framework of the de Jong and Beenakker model, the variations of conductance upon a spin polarization of at most P Gd = 5 − 7% (as it is the case for bulk Gd) would be of the order P Gd , incompatible with the reduction of the resistance by a factor of 8 [7] under a small external magnetic field. Physically, this originates from the fact that the ferromagnetic system in the experiments by Bourgeois et al. [7] is extremely small (from 20 to 100Å). Therefore, the adequate modeling of this experiment should not rely on equilibrium spin-polarized transport as it is the case in the de Jong and Beenakker model, but rather on out-of-equilibrium spin-polarized transport. We have formulated a scattering approach to this problem [7] , which we now describe in details in section 3.
3 Non equilibrium transport in the presence of spin polarization
N-FM-S junction with a ballistic FM region
Let us now consider a N-FM-S junction with a ballistic ferromagnetic region FM, the N and S parts of the junction being thermally equilibrated reservoirs. We assume in this section a transparent N-FM interface, while a repulsive interfacial potential is introduced at the FM-S interface. An incoming electron with a spin σ keeps its spin and moment constant while crossing the ballistic FM region. The Boltzmann equation approach to this interface follows the lines of the work by Octavio, Tinkham, Blonder and Klapwijk [10] . We denote by f R,L (E, I 1 ) the thermal distribution of holes in the spin-σ
x Figure 1 : Splitting of the magnetic and superconducting order parameters at the interface I 2 . In (a), the superconducting and ferromagnetic order parameters overlap whereas they do not overlap in (b). Only in the situation (a) does the conductance of the junction depend on spin polarization. In (b) the Zeeman splitting term decouples from Andreev reflection.
band, we have g (σ)
R (E, I 1 ) = g T (E − σh ex ), where g T (E) = 1 − f T (E) denote the equilibrium thermal population of holes in the N reservoir.
We now write down the boundary conditions at the interface I 2 . Since this interface involves a jump in both the superconducting and the ferromagnetic order parameters, we should separate the location in the jump of these two order parameters in the two possible ways shown on Fig. 1 .
Overlap between the superconducting and ferromagnetic order parameters
We first consider the case where the superconducting and ferromagnetic order parameters overlap close to the interface I 2 . The existence of such an overlap is in fact expected since the Cooper pairs can penetrate over a length ξ F ≃ 20Åinside the ferromagnetic region.
The boundary condition appropriate for Andreev reflection at the interface I 2 is
and a similar expression holds for spin-down electrons, and hole distributions. We deduce the contribution of the spin-up and spin-down electron to the current:
In the zero temperature limit, the Landauer formula is G = 4e 2 h A(h ex ). This involves the Andreev current coefficient at the energy E = h ex equal to the exchange field. In the absence of a repulsive potential at the interface I 2 , the Andreev coefficient is independent on energy (and unity) below the superconducting gap. In the presence of an interfacial scattering [which turns out to be of the order of 2−3 in the experiment by Bourgeois et al. [7] ], the coefficient A(E) increases with the energy E [8] , and therefore with the exchange field h b . Andreev reflection is thus enhanced by spin polarization in this system, which qualitatively accounts both for the sign of the negative magnetoresistance, and for its magnitude [7] . The comparison with experiments is shown on Fig. 2 . The present semiclassical treatment can be extended to other interfaces, for instance to a N-FM-S junctions with an interfacial scattering at the two interfaces, or to a S-FM-S junction. The behavior these various models are shown on Fig. 2 together with the experimental data by Bourgeois et al. [7] . The new qualitative behavior is similar in all models, and compatible with the experiment. 
No overlap between the superconducting and ferromagnetic order parameters
In the situation shown on Fig. 1(b) , where the two order parameters do not overlap, the current is independent on the spin polarization h b . This is expected since the electrons loose their Zeemann energy before they are Andreev reflected.
Discussion of the experiments on Al-Gd-Al sandwiches
In the experiments by Bourgeoies et al., the ferromagnet is in the junction in a granular form [7] , with the size of the grains ranging from 20 to 100Å. The resistance calculated in the previous sections is the Ohmic resistance of the junction, in a regime of large voltages. The voltages applied on the junction (∼ 0.2µV ) are still much below the Al superconducting gap (∼meV). The interfacial potential resulting from fitting the experimental data is Z = 2 − 3. The exchange field entering our description is the boundary exchange field of the Gd grains, much below the exchange field of bulk Gd ∼ 140meV [11] . This is expected since surface magnetism of Gd is much weaker than bulk magnetism [12, 13] .
